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ABSTRACT

The latitude preference of the intertropical convergence zone (ITCZ) is examined on the basis of observations,
theory, and a modeling analysis. Observations show that convection is enhanced at latitudes of about 4° to 10°
relative to the equator, even in regions where the sea surface temperature (SST) is maximum on the equator.
Both linear shallow-water theory and a moist primitive equation model suggest a new explanation for the off-
equatorial latitude preference of the ITCZ that requires neither the existence of zonally propagating disturbances
nor an off-equatorial maximum in SST. The shallow-water theory indicates that a finite-width, zonally oriented,
midtropospheric heat source (i.e., an ITCZ) produces the greatest local low-level convergence when placed a
finite distance away from the equator. This result suggests that an ITCZ is most likely to be supported via low-
level convergence of moist energy when located at these ‘‘preferred’’ latitudes away from the equator. For a
plausible range of heating widths and damping parameters, the theoretically predicted latitude is approximately
equal to the observed position(s) of the ITCZ(s). Analysis with an axially symmetric, moist, primitive equation
model indicates that when the latent heating field is allowed to be determined internally, a positive feedback
develops between the midtropospheric latent heating and the low-level convergence, with the effect of enhancing
the organization of convection at latitudes of about 4° to 12°. Numerical experiments show that 1) two peaks in
convective precipitation develop straddling the equator when the SST maximum is located on the equator; 2)
steady ITCZ-like structures form only when the SST maximum is located away from the equator; and 3) peaks
in convection can develop away from the maximum in SST, with a particular preference for latitudes of about
4°t0 12°, even in the (“‘cold’’ ) hemisphere without the SST maximum. The relationship between this mechanism
and earlier theories is discussed, as are implications for the coupled ocean—atmosphere system and the roles
played by midlevel latent heating and SST gradients in forcing the low-level atmospheric circulation in the
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tropics.

1. Introduction

The intertropical convergence zone (ITCZ) is one
of the most prominent and important features of the
tropical atmosphere. This region of enhanced cloudi-
ness and rainfall constitutes the upward branch of the
Hadley circulation, and, in a general sense, marks the
earth’s meteorological equator. The conversion of la-
tent and sensible to potential energy in the convecting
systems of the ITCZ acts to stabilize the tropical tro-
posphere, which is heated from the ocean below, and
plays an important role in the atmospheric energy cy-
cle, particularly in the transport of heat to the extra-
tropics. Furthermore, the extensive cloudiness associ-
ated with the ITCZ contributes significantly to the plan-
etary albedo, and thus to the planetary energy balance.
While it is clear that the ITCZ plays a fundamental and
important role in the earth’s climate, there are still el-
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ementary questions pertaining to the ITCZ that remain
unresolved.

Figure 1 displays the long-term (1975-87) mean
structure of the ITCZ using highly reflective cloud data
(HRC; Garcia 1985). This dataset uses subjectively an-
alyzed daily visible and infrared satellite mosaics to
measure the frequency of occurrence of large-scale or-
ganized convective systems. The monthly dataset is
composed of ‘‘images’” with a 1° spatial resolution,
where the values denote the number of days in a given
month that the ‘‘pixels’” were covered by deep, organ-
ized tropical convective systems. The HRC dataset has
been shown by Waliser et al. (1993) to compare qual-
itatively well with other indices of tropical convection
[i.e., outgoing longwave radiation (OLR) and Inter-
national Satellite Cloud Climatology Project (ISCCP)
Stage C2 convective index], and has been applied by
Waliser and Gautier (1993) in the development of a
global climatology of the ITCZ. The HRC map illus-
trates three fundamental characteristics of the time-av-
eraged ITCZ whose explanation remains incomplete.
First, the convection associated with the ITCZ is sup-
pressed over the equator at nearly all oceanic longi-
tudes, even in regions with no corresponding minima
in SST. Second, the bulk of the convection is generally
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FiG. 1. Long-term mean HRC (1975-87).

located between about 4° and 12° from the equator.
Third, this off-equatorial enhancement of convection
generally favors the Northern Hemisphere.

The goal of this study is to investigate the reasons
behind the first two of the above characteristics, that is,
why the ITCZ, in general, is located away from the
equator, and at about 4° to 12° latitude. Such an un-
derstanding is a useful, if not necessary, starting point
for the understanding of the third characteristic—the
preference of the ITCZ to reside in the Northern Hemi-
sphere. While there has been an extensive amount of
research on a wide variety of topics concerning the
ITCZ,! investigations directly addressing the latitude
position of the ITCZ have been rare, and theories for
its explanation even more so. In the following section,
a brief review of previous theories pertaining to the
latitude preference of the ITCZ(s), along with impor-
tant related studies, will be presented. In section 3,
steady-state, linear, shallow-water theory will be de-
veloped and used to reveal the dependence of the low-
level convergence field on the latitude of an idealized
ITCZ. In section 4, an axially symmetric moist primi-
tive equation atmospheric model will be employed in
an analogous manner to examine the relationship be-
tween precipitation maxima (ITCZs) and the latitude
of the (imposed) SST maximum. In section 5, a dis-
cussion of the results and their implications will be
given,

2. Review of previous studies and theories

Early observational studies, such as that of Bjerknes
et al. (1969), indicated that the spatial distribution of
SST, particularly the presence of equatorial upwelling,

! An in-depth review of the earliest studies concerning the Hadley
circulation is given in Lorenz (1967). Brief reviews of more recent
ITCZ dynamics literature can be found in Goswami et al. (1983),
Lindzen (1990), Hess et al. (1992), and Waliser (1992).
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plays an important role in displacing the ITCZ away
from the equator. Figure 2 shows the long-term mean
monthly SST (Reynolds 1988) constructed from the
same time period as the HRC field shown in Fig. 1.
Inspection of Figs. 1 and 2 shows that the spatial struc-
tures of the HRC and SST are indeed highly correlated,
with the ITCZ being nearly coincident with the warm
(227°C) water regions of the tropics. These two fig-
ures, along with the many studies relating warm surface
water to enhanced deep convection (e.g., Ichiye and
Petersen 1963; Graham and Barnett 1987), offer some
support for the idea that SST forcing is largely respon-
sible for the spatial structure of tropical deep convec-
tion, and thus the spatial structure of the ITCZ(s). The
importance of this forcing mechanism as it relates to
the preferred latitudes of the ITCZ was most firmly
established by Pike (1971), who employed an axially
symmetric, coupled ocean—atmosphere model to study
ITCZ formation. Pike found that in his model, the ITCZ
developed over the SST maximum, which for his cou-
pled system was located away from the equator due to
induced equatorial ocean upwelling.

A second explanation for off-equatorial ITCZs was
given by Charney (1971), who analyzed ITCZ for-
mation for an atmosphere whose organization of con-
vection was governed by conditional instability of the
second kind (CISK). CISK is the growth of an insta-
bility in a moist, conditionally unstable atmosphere that
is caused by the positive feedback between the upper-
level latent heat release and the frictional convergence
in the boundary layer. The upper-level heating modifies
the large-scale flow, increasing the frictional conver-
gence of moisture in the boundary layer, which feeds
the upper-level heat source (Charney and Eliassen
1964). From the results of his analysis, Charney hy-
pothesized that for a zonally symmetric CISK system,
the position of the ITCZ is governed by a balance be-
tween two processes: 1) the Ekman pumping efficiency
of moist energy out of the atmospheric boundary layer,
which increases with the Coriolis parameter (and thus
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FiG. 2. Long-term mean SST (1975-87).

latitude ), and 2) the boundary-layer supply of moist
energy, which, in general, decreases with latitude. At
some optimal latitude away from the equator, these two
processes in combination will determine the most likely
position for the ITCZ to develop.

A third explanation resulted from Holton et al.’s
(1971) analysis of a linearized, barotropic model of the
tropical boundary layer. Holton et al. showed that the
boundary-layer convergence due to a zonally propa-
gating wave tends to be concentrated at a critical lati-
tude where the angular frequency of the disturbance
equals the Coriolis frequency. They also note that the
often-observed 4-5-day tropical ‘‘easterly’’ waves
(Reed and Recker 1971; Yanai 1968; Salby et al. 1990)
would have a critical latitude of about 6°. From these
results, Holton et al. and Holton (1974 ) argue that zo-
nally propagating equatorial disturbances may be re-
sponsible for organizing convection at the observed lat-
itudes of the ITCZ, and thus for the latitude placement
of the ITCZ itself.

A fourth explanation was offered by Lindzen (1974 )
from the results of an analysis of wave—CISK. In this
case, the low-level tropical convergence field results
from inviscid internal wave fields rather than Ekman
pumping. The analysis indicated the existence of 1) a
wave—CISK mode, independent of longitude, with a
period of about 4.8 days, and 2) traveling disturbances
arising from longitudinal inhomogeneities in the tropics
with similar periods and zonal scales of about 10° to
30°. The oscillatory system resulting from the coupling
of these two modes leads to maximum low-level con-
vergence (and thus a maximum in convection) in
regions centered at about 6° to 7°.

In considering the four explanations above, it is im-
portant to note that the mechanisms associated with the
studies of Pike (i.e., ocean upwelling ) and Charney can
be manifested in an axially symmetric framework, and
those of Charney, Holton et al., and Lindzen can be
manifested even when the SST maximum is located at
the equator. These considerations motivate two impor-
tant questions.

First, is the presence of equatorial ocean upwell-
ing—that is, SST maxima away from the equator—
required for the formation of an off-equatorial ITCZ?
Figure 3 shows coincident profiles of SST and HRC as
a function of latitude for four tropical ocean domains.
These data indicate that while the SST distribution does
appear to have a strong influence on the convection
profile, particularly in regions of strong equatorial up-
welling, the meridional distribution of SST is not likely
to account for the moderate double peak in convection
in the warm-pool regions. This latter point suggests that
a dynamical mechanism in the atmosphere is acting to
enhance convection at these off-equatorial latitudes. In-
deed, three-dimensional general circulation modeling
(GCM) studies, such as those by Hayashi and Sumi
(1986) and Hess et al. (1992), show that double ITCZs
form (at about 7°N and 7°S) even when the SST max-
imum is on the equator. These observations and mod-
eling results suggest that the answer to this first ques-
tion is no, that is, SST maxima away from the equator
are not required for the formation of off-equatorial, or
double, ITCZs.

Second, in the case when SST is maximum on the
equator, are zonally propagating disturbances required
for an off-equatorial ITCZ to form, or can an axially
symmetric system (such as Charney’s) support an
ITCZ away from the equator? Few studies have ad-
dressed this question. Schneider and Lindzen (1977)
performed a test of Charney’s hypothesis using an ax-
ially symmetric, linearized, primitive equation model.
Their results suggested that the most likely position for
the ITCZ to develop would be on the equator, rather
than away from the equator as suggested by Charney.
Moreover, the GCM study by Hess et al. (1992)
showed evidence that zonally propagating equatorial
waves may indeed be responsible for the formation of
off-equatorial, or double, ITCZs. In their study, the
double ITCZ that formed straddling the equator in a
three-dimensional ‘‘aqua-planet’’ simulation, with the
SST maximum on the equator, collapsed into a single
ITCZ at the equator when the integration was continued
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FiG. 3. Long-term (1971-87) mean meridional profiles of HRC (thick) and SST (thin) for the regions denoted: (a)
60°-80°E, (b) 110°-150°E, (¢) 160°E—160°W, and (d) 100°-140°W. HRC and SST data have 1° and 2° grid resolution,

respectively.

under the constraint of zonal symmetry. Hess et al. at-
tributed this feature to convection-organizing equato-
rial waves, most readily identified as mixed Rossby—
gravity waves. Both the above studies suggest that an
axially symmetric system cannot support an off-equa-
torial ITCZ when the SST maximum is on the equator.
In fact, the results from Hess et al. tend to support the
Holton et al. hypothesis that the spatial structure of the
preferred wave modes in the tropics may be setting the
latitude scale for the formation of the ITCZ.

The objective of this study is to further examine the
latitude preference of the ITCZ. Our results, which are
in contrast to those just described, suggest that zonally
propagating disturbances may not be required for the
development of off-equatorial ITCZs, even when the
SST maximum is on the equator. Furthermore, they
provide an additional explanation for the observed oft-

equatorial latitude preference for the ITCZ. In the next
two sections, a two-step approach, simple theory fol-
lowed by numerical modeling, is undertaken in order
to reveal the fundamental dynamics underlying the off-
equatorial latitude preference of the ITCZ. For addi-
tional details, see Waliser (1992).

3. Analysis using simple linear theory
a. Theoretical framework and background

In this section, linear, steady-state, shallow-water
theory is developed and employed to study the depen-
dence of the low-level convergence on the latitude of
imposed zonally oriented heat sources (i.e., ITCZs).
The theoretical framework is based on Matsuno
(1966). The equations in nondimensional form are
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where y and x are distances northward (from the equa-
tor) and eastward, u and v are the zonal and meridional
velocities, p is the pressure perturbation, Q is the heat
source, and ¢ and « are the mechanical and thermal
damping rates, respectively. For positive heating (Q
> 0), the values of u and v correspond to the lower
layer, and p corresponds to the perturbation at the sur-
face. The heat source Q increases the amount of high
potential energy fluid in the system, and thus in some
sense is a representation of a midtropospheric heat
source (e.g., moist deep convection).

Gill (1980) used this theoretical model to study trop-
ical circulations produced by idealistic imposed heat
sources and found that it qualitatively recreated prin-
cipal aspects of the tropical atmospheric circulation
(e.g., Walker and Hadley circulations, monsoon
flows). Zebiak (1982, 1986 ) extended the above model
to simulate surface wind anomalies in the equatorial
Pacific during El Nifio by parameterizing Q in terms of
SST anomalies and by adding a convergence feedback
mechanism. Other applications of simplified shallow-
water theoretical models to the tropical atmosphere in-
clude Webster (1972), Philander et al. (1984), and
Hirst (1986).

In the solutions presented below, the equivalent
depth is specified to be 325 m. This gives a length scale
[(c/2B)'* = R,] of about 1100 km (~10°) and a time
scale [(28¢) ~'"?] of about 0.23 days. However, the re-
sults emphasized in this section hold for a wide range
of equivalent depths. The equations (3.1)-(3.3) are
solved numerically by reducing the problem to a sec-
ond-order differential equation in v and then solving by
the method described by Zebiak (1982).

It is important to point out that given a proper trans-
formation of the depth scales and damping times, the
model specified above has been shown by Neelin
(1989) to be analogous in form to the boundary-layer
model of Lindzen and Nigam (1987). As posed, the
simple model (3.1)~(3.3) presumes a two-layer tro-
posphere with the forcing represented as midtropo-
spheric heating in the height equation. The Lindzen and
Nigam scheme models the tropical boundary layer with
the forcing represented by SST gradients in the mo-
mentum equations. These SST gradients are commu-
nicated to the atmospheric boundary layer by turbulent
exchange from the surface, giving rise to low-level den-
sity gradients, and thus to low-level pressure gradients.
These pressure gradients force the low-level tropical
wind field and thus help determine the distribution of
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deep convection. The formal equivalence of these two
models implies that the ‘‘behavior’’ discussed below is
qualitatively the same for either formulation (i.e.,
whether peak Q(x, y) represents a maximum in mid-
tropospheric heating or SST); however, the interpre-
tation of how these results apply to the formation of
the ITCZ differs. The contrast in these two formula-
tions and their implications on the nature of the results
will be addressed further in sections 4 and 5.

b. Zonally symmetric results

In this section the zonally symmetric form of (3.1) -
(3.3) is employed to study the dependence of the low-
level atmospheric response on the meridional position
of a zonally symmetric heat source. Gill (1980) solved
these equations (ignoring the ev term) for the case of a
delta-function heat source placed at y = 1.0 to simulate
the wind field produced by ITCZ-like heating. In ad-
dition, Gill showed that for the case of a meridionally
broad heat source, off-equatorial heating leads to large
asymmetries in the model ‘‘Hadley cells,”’ with the
“winter’” (‘‘summer’’) cell becoming significantly
stronger (weaker). Using modifications to the Hadley
circulation theory of Held and Hou (1980), and nu-
merical simulations, Lindzen and Hou (1988) showed
in considerably more detail the degree to which winter
cell mass fluxes increase and summer cell mass fluxes
decrease, when peak atmospheric heating is moved
even slightly away from the equator. Lindzen and Hou
used these results to explain why the annually averaged
Hadley circulation is much larger than the circulation
forced by the annually averaged heating. In a similar
study, Hack et al. (1989) showed that the winter cell
mass flux was greatest when the imposed maximum in
atmospheric diabatic heating (i.e., the ITCZ) was
placed at about 10°. Hou and Lindzen (1992) went on
to show how the strength of the Hadley circulation is
also sensitive to the width of the imposed, internal trop-
ical heat source. In the above studies, the ITCZ was a
passive, specified entity, and the circulation was stud-
ied for a given prescribed latitude of the ‘‘ITCZ.”” The
intention here is to examine the dependence of the low-
level convergence on the position of the heating max-
imum and interpret the results in terms of the strength
and stability of the heat source itself (i.e., the ITCZ).

Figure 4 shows one solution of the model equations
for heating centered away from the equator (y, = 1.0).
The figure shows low-level u and v, dv/dy, and Q (rep-
resented as a Gaussian with e-folding scale 0.7). The
model produces a low-level convergence and negative
pressure perturbation (not shown) in the region of the
heating maximum, two easterly jets, and one westerly
jet on the equatorial side of the heating maximum. Of
interest here is how the low-level convergence field,
specifically the value associated with the maximum
heating, depends on the meridional position of the im-
posed heat source. The low-level convergence is es-
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Fi1G. 4. Solution to zonally symmetric, linear, shallow-water model

with Gaussian heating profile (e-folding 0.7) centered on y = 1.0.
Damping parameters are € = a = 0.1 (2.3 days™').

pecially important since the midtropospheric heat
sources in the tropics (e.g., moist deep convection ) are
predominantly fueled by low-level convergence of heat
and moisture. Figure 5 shows the low-layer conver-
gence values coincident with the location of maximum
heating as a function of heat source width and ‘‘lati-
tude.”” The figure shows that the greatest amount of
low-level convergence occurs when the heat source is
placed a finite distance away from the equator. The
distance away from the equator is greater for larger
heating widths. Furthermore, the plot shows that as the
heat source becomes narrow, the solution asymptotes
to the delta-function heating solution found by Gill; in
that case, there is no dependence of the local low-level
convergence on the position of the heating maximum.
The results shown in Fig. 5 are qualitatively the same
as those obtained when the equations are solved using
spherical geometry, or when a range of equivalent
depths, thought applicable to the tropical atmosphere
(40-600 m; Gill 1982), is applied.

Further exploration of the model parameter space
shows that the qualitative nature of the above result,
that is, low-level convergence at the latitude of the heat
source is maximum when the heating is a finite distance
away from the equator, is nearly independent of the
values of a and e. Figure 6 shows the dependence of
the low-level convergence as a function of heating po-
sition for « and e differing by up to two orders of mag-
nitude. Only in the case of high mechanical damping
(e-folding time about 1/4 day) is the convergence max-
imum greatest for equatorial heating. The sensitivities
displayed in Figs. 5 and 6 of the model convergence field
to the width of the heating and the magnitude of the me-
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chanical damping are intimately related to the ITCZ/
CISK-related conclusions of Schneider and Lindzen
(1977), who found, contrary to Chamey’s hypothesis,
that the most unstable CISK perturbation occurred on the
equator. Although their model was based on a set of lin-
earized primitive equations, their experimental setup was
very similar to that discussed here, and a comparison of
the two analyses highlights parameterization dependen-
cies that may be related to their final conclusion.
Schneider and Lindzen (1977) investigated (see their
Fig. 10) the strength of the vertical velocity at the top of
the boundary layer as a function of the latitude of an
imposed heat source in order to determine the latitude
preference for frictional convergence in the boundary
layer due to upper-level heating (CISK). The heat source
used in their experiment had an e-folding width of about
1.5° and corresponds roughly to the smallest heating
width shown in Fig. 5. Their model eddy viscosity co-
efficient in the boundary layer was 50 m? s ™!, decreased
to 1 m? s ! at the top of the boundary layer, and remained
at this value in the free atmosphere. They found that the
greatest vertical velocity occurred when the imposed heat
source was located on the equator and diminished as the
heat source was moved poleward. This behavior is very
similar to that exhibited by the shallow-water model an-
alyzed here when applying either a narrow heating width
or a high mechanical damping rate (Figs. 5 and 6; note
w = —08v/dy). Thus, the conclusion of Schneider and
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FiG. 5. Low-level convergence (dv/dy) at heating maximum as a
function of the meridional position of the heating maximum. Results
are plotted for a range of heating profile widths (given in Gaussian
e-folding distance ). Damping rates are as in Fig. 4.
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function of the meridional position of the heating maximum. Results
are plotted for a range of damping rates. Unless otherwise noted, e
= a = 0.1 (2.3 day '). Heating profile width is 0.7.

Lindzen is likely to be dependent on the width of the
imposed heat source and magnitude of the internal eddy
viscosity, with the indication that, in their study, a slightly
wider heat source width or lower viscosity would have
produced the greatest ‘‘CISK perturbation’’ slightly away
from the equator, and actually provided support for Char-
ney’s hypothesis.

The dependence of the low-level convergence on the
‘‘latitude’’ of the imposed heat source can be under-
stood by considering the low-level momentum balance.
When the (finite width) heat source is on the equator,
the meridional pressure gradients to the north and south
are each balanced by some combination of friction and
geostrophy. When the heat source is displaced slightly
away from the equator, the pressure gradient equator-
ward of the heat source becomes predominantly bal-
anced by friction, while the pressure gradient poleward
of the heat source becomes primarily balanced by geos-
trophy. These changes in the momentum balance result
in a rapid growth of the meridional velocity on the
equatorward side of the heat source (depending on the
value of ¢) and modest decline of the meridional ve-
locity on the poleward side of the heat source. Thus,
the low-level convergence, which in the zonally sym-
metric case is determined by the difference between
these two opposing meridional velocities, increases. As
the heat source is moved far from the equator, both
equatorward and poleward pressure gradients become
primarily balanced by geostrophy, the meridional ve-
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locities diminish, and the low-level convergence de-
creases. In an analysis of tropical boundary-layer flows,
Young (1988) develops the notion of a transitional lat-
itude between midlatitude and near-equatorial flow that
is proportional to the ratio of surface drag and rotation
(i.e., y = «/f), and thus in the present system, this
latitude would be roughly proportional to e.

Together, the above results illustrate that for a finite-
width, line-oriented heat source (e.g., ITCZ), and rea-
sonable choices of heating widths and damping param-
eters, the maximum low-level convergence is obtained
when the heat source is displaced away from the equa-
tor at a distance of about one equatorial Rossby radius
(4° to 12°). As mentioned earlier, the relationship be-
tween the low-level convergence and the position of
the heat source is an important one, since tropical dia-
batic heat sources are largely supported by low-level
convergence of heat and moisture. Thus, while it is
important to show that there is a particular latitude
range where (imposed) midlevel heating will induce
the greatest low-level convergence, it is also important
to note that this range of latitude is also where the low-
level convergence will most likely be able to support,
or fuel, the imposed diabatic heat source. Further, such
a relationship between heating and induced conver-
gence might well lead to a positive feedback that would
enhance the strength of the heat source. These ques-
tions will be considered in more detail in section 4
through the use of a moist, primitive equation model
and will be discussed further in section 5.

Of additional importance to the notion of an equilib-
rium position of the ITCZ is the dependence of the total
energy of the system and the overall mass flux on the
latitude of the heat source. Figure 7 shows the total
energy (kinetic plus potential ) and total mass flux plot-
ted in a manner analogous to Figs. 5 and 6. The solu-
tions shown in this figure use the same model param-
eters as those in Fig. 4. Also plotted in the figure are
the vertical velocity (w = —38v/8y) over the heat
source maxima. Each of the parameters are in dimen-
sionless units and have been normalized by their values
for heating centered on the equator. The figure shows
that, in addition to producing the greatest low-level
convergence (i.e., midlevel vertical velocity), the so-
lution with off-equatorial heating produces the greatest
mass overturning (e.g., Lindzen and Hou 1989; Hack
et al. 1989) and lowest total energy.

c. Zonally asymmetric results

The results using the zonally symmetric model shed
important light on the questions of the latitude depen-
dence of the strength and stability of the ITCZ and the
associated atmospheric energy states. However, the zo-
nally symmetric equations have the unfortunate feature
that the zonal wind is always zero on the equator (Fig.
4). This produces some unrealistic features in the model
wind fields, as has been noted by Lindzen and Nigam
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(1987) and Neelin (1988). The purpose of this section
is to analyze briefly the model behavior for zonally asym-
metric heating in a manner analogous to that in the pre-
vious subsection to ensure that the conclusions based on
the results above are not unique to the zonally symmetric
formulation. For this more general framework, a wave-
number one modulation is added to the zonally symmetric
ITCZ-like heat source. Solutions to the full equations
(3.1)~(3.3) are computed as a function of heat source
latitude, with some exploration of the model parameters.

Figure 8 shows the model solution for a base case
using the full equations. This solution was found for
the ITCZ-like heat source placed at y = 1.0 and a zonal
wavenumber one modulation of amplitude 0.5. This
forcing field is a very crude estimate of the observed
ITCZ field shown in Fig. 1. The remaining model pa-
rameters are the same as those for the solution shown
in Fig. 4. Shown is the heating field (Q), divergence
field (Oul/dx + Bv/By), pressure perturbation (p), and
wind field (¢ and v). The solution is similar to those
shown by Gill (1980) and Zebiak (1982) for similar
forcing functions. Figure 9a is a two-dimensional an-
alog to Figs. 5 and 6. At each longitude, the value of
the convergence overlying the heat source is given as
a function of the heat source ‘‘latitude.”’ The line su-
perimposed on the figure is the meridional position
where the heating field produced the maximum low-
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level convergence. For example, west of about 60°E
the convergence was maximum when the heat source
was on the equator, and at about 90°W, the convergence
maximum occurred when the heat source was located
at about y = 1.5. Figures 9b through 9f are the same
as Fig. 9a with the exception that in each case one
model parameter has been modified from its base case
value. The results from the zonally asymmetric model
shown in the previous two figures demonstrate that the
near-equatorial behavior exhibited by the zonally sym-
metric model is not an artifact of zonally symmetry.
The low-level convergence is greatest over most, if not
all, “‘longitudes’’ when the heating is displaced away
from the equator. Further, the model total energy ex-
hibits a similar dependence on heat source latitude, and
is lowest when the heat source is located at about y,
= 1.0 (for the parameters chosen).

4. Analysis using axially symmetric primitive
equation model

The results from the steady-state, linear, shallow-wa-
ter theory analyzed in the previous section suggest that
an “‘ITCZ” is likely to be best supported, in terms of
induced low-level convergence, when placed away from
the equator. The advantages of the shallow-water model
are its simplicity in terms of specification and interpre-
tation. The disadvantages, however, are that it requires
prescribing the internal atmospheric heat source and then
analyzes the resulting circulation. In reality, the heat
source and the circulation are intimately coupled. Ad-
ditionally, the model is linear and encompasses no feed-
backs, such as nonlinearities in the dynamics or due to
latent heat release. For this reason, we next analyze the
problem in an analogous manner with an axially sym-
metric, moist, primitive equation model. Axially sym-
metric models have been employed and found to be par-
ticularly instructive in a number of ITCZ (e.g., Pike
1971; Bates 1970; Goswami et al. 1983; Charney et al.
1988) and climate-related (e.g., MacCracken 1988)
studies. The experiments presented here are designed to
determine if the behavior exhibited by the simple, linear
model is manifested when moist, nonlinear dynamics are
taken into account. The most important distinguishing
feature of these experiments compared to those of the
previous section is that the internal atmospheric heat
source (i.e., the ITCZ) is not specified but is allowed to
form in an internally and physically consistent manner.
A similar approach was taken by Davey and Gill (1987)
who incorporated a latent heat feedback into the Gill
(1982) model to examine its effects on idealized simu-
lations of the atmospheric circulation in the tropics.

a. Model description

The numerical model is an axially symmetric, moist,
primitive equation model with a pole-to-pole domain
and ocean-only surface conditions. The model employs
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the B-grid numerical method of Arakawa and Lamb
(1977) with the improved vertical differencing scheme
developed by Arakawa and Suarez (1983). The model
equations and constants are given in appendix A. Con-
densation processes are modeled using the moist-con-
vective scheme of Emanuel (1991) and a simple large-

a) Base Case

b) Narrow Q

scale condensation parameterization (Williamson et al.
1987). Explicit shortwave and longwave radiation cal-
culations are included using the scheme of Morcrette
(1990). Bulk aerodynamic surface fluxes are computed
from a specified, fixed sea surface temperature. Vertical
and horizontal diffusion are modeled as large-scale

c) Wide Q
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F1G. 9. Low-level convergence at heating maximum (with respect to latitude) as a function of the meridional position of the
heat source. A two-dimensional analog to Figs. 5 and 6. (a) Base case; parameters are those for the solution shown in Fig. 8. (b)
Meridional heat source width equal to 0.4. (c) Meridional heat source width equal to 1.0. (d) Mechanical damping 0.05 and
thermal damping 2.0. (¢) Mechanical damping 2.0 and thermal damping 0.05. (f) Amplitude of wavenumber one zonal modulation
set to 0.25. Lines imposed on figures denote for each ‘longitude’” the meridional position of the heat source that produced the
maximum low-level convergence.
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eddy diffusive fluxes with constant coefficients. Since
our principal objective is to elaborate on the shallow-
water experiments in which midlevel heating forces the
atmospheric flow, we have intentionally chosen a rel-
atively small value of vertical diffusion through the
planetary boundary layer so that surface forcing does
not mask this effect. However, in order to test the sen-
sitivity of the results to this aspect of the model param-
eterization, we have performed two additional sets of
integrations with modified vertical diffusion schemes.
For the experiments described below, the model grid
contains 19 sigma levels and 2° horizontal resolution.
Interactions between cloud liquid water and radiation
are ignored and a time-averaged daily solar radiation
cycle is applied (i.e., no diurnal cycle).

b. Experimental setup

The experimental setup is designed to determine how
the the strength and character of the ITCZ depends on
the latitude of the SST maximum. Five simulations
were performed, each differing only in the latitude of
the SST maximum, which changes from 0° to 16° in 4°
increments. These experiments are denoted case 0, 4,
8, 12, and 16. The SST profile for case 0 is taken to be
a sine-squared approximation to the observed zonally
averaged profile. Figure 10 shows the idealized SST
profile and the observed zonally averaged SST profile
computed from the SST dataset mentioned earlier. The
idealized SST profile was shifted northward at 4° in-
crements for cases 4—16. Each simulation was inte-
grated from a resting state for 300 days under equinox
conditions.

¢. Results

Figure 11 shows the time-averaged (day 200-300)
zonal wind, mass streamfunction, moist-convective
heating, and radiative cooling for case 0. Figure 12
shows the same fields from the case 12 simulation. A
comparison of these two cases illustrates important fea-
tures that conform to earlier results and provides some
confidence in the model’s performance. Comparing the
case 0 zonal winds to zonally averaged, equinoctial ob-
servations (Oort 1983) shows that they have approxi-
mately the right spatial distribution but a slightly higher
magnitude (~20%) in the upper-level westerly jets.
These enhanced upper-level jets are to be expected
since momentum fluxes due to large-scale eddies have
been ignored (Schneider 1977). The case 0 mass
streamfunction is weaker than equinoctial conditions
would suggest. However, this is also is to be expected
when heating is centered directly on the equator (Lind-
zen and Hou 1988). The character of the north—south
asymmetries for the case 12 zonal wind fields (Fig.
12a) and tropical region mass streamfunctions (Fig.
12b) are reasonably consistent with observations (Oort
and Rasmusson 1970; Oort 1983) and previous studies
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(thin) and sine-squared approximation used in primitive equation
model (case 0; thick).

such as those by Lindzen and Hou (1988) and Hess et
al. (1992). The magnitude of the ‘‘winter’’ cell mass
streamfunction for case 12 (a case with an SST profile
resembling solstitial conditions) exhibits values similar
to the observed zonally averaged mass flux in solstitial
conditions (Oort 1983).

The convective heating rates between the two cases
(Figs. 11c and 12c¢) exhibit profound differences in the
tropical region. In case 0, tropospheric latent heating is
broad and relatively weak, while case 12 exhibits a
strong narrow midlevel heating maximum at about 8°N

‘with a corresponding, yet weaker, maximum at about

4°S. This last characteristic is the feature of most im-
portance in these simulations and will be discussed in
more detail below. The radiative heating fields (short-
wave plus longwave) illustrate characteristics similar
to the convective heating fields. In the midtroposphere,
case O exhibits a rather broad and weak midlevel cool-
ing, while case 12 contains regions of intensified cool-
ing. This enhanced cooling originates from the top of
the strong ‘‘winter’’ Hadley cell, with particularly en-
hanced values over the subsiding region. Case 12 also
exhibits a broad low-level region of cooling in the
northern tropics originating from the top of the model’s
“‘trade wind boundary layer.”’

The figures discussed above give some confidence
that the model simulates qualitatively well some of the
more essential features of the meridional circulation in
the tropics. Of most importance and interest, however,
is the dependence of the precipitation maxima (i.e.,
ITCZs) on the latitude of the SST maximum. Figure
13 shows time-latitude diagrams of the convective
precipitation for the 300 days of simulation between
latitudes 40°N and 40°S. There are two features of in-
terest indicated by the precipitation history in these five
simulations. The first involves the temporal evolution
of the precipitation. In the equatorial and near-equa-
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convective heating rate, and (d) radiative cooling rate (longwave + shortwave). Time averages are over
days 200 to 300. Contour intervals are (a) 10 m s~*, (b) 1.0 X 10"°kg s, (¢) 0.5°C day ', and (d) 0.25°C

day ~'. Dashed lines indicate negative values.

torial cases, there is significantly more variability with
many transient features throughout the 300-day simu-
lation. Very little indication of a ‘‘steady’’ ITCZ fea-
ture is evident, with the heaviest precipitation often as-
sociated with the transient activity and occurring over
a relatively broad range of latitude (15°N to 15°S). To
some extent, cases 4 and 8 begin to show some stable
features with precipitation maxima forming on either
side of the equator. In the cases where the SST maxi-
mum is poleward of 8°N, the model precipitation field
exhibits very steady ITCZ-like features.

The second feature illustrated by the time—latitude
diagrams is that the precipitation maxima tend to or-
ganize in the off-equatorial regions, especially when
the SST maximum is displaced away from the equator.
This characteristic is better illustrated by comparing the
meridional profiles of convective precipitation. Figure
14 shows the time-averaged (day 200—300) convective
precipitation for the five simulations. This figure con-

tains two very curious and important features: 1) pre-
cipitation minima tend to occur over the equator, and
an enhancement of precipitation occurs on both sides
of the equator at latitudes of about 4° to 10° regardless
of the latitude of the SST maximum; and 2) the pre-
cipitation maximum is not always located over the
maximum SST but tends to favor latitudes of about 8°
(N and S). Also important but not unexpected is the
fact that the precipitation maximum on the warm side
of the equator is, in general, stronger than the maximum
on the cold side.

To test the sensitivity of the above results to the spec-
ification of vertical diffusion, we have performed two
additional sets of integrations. In the first sensitivity
test, the coefficient of vertical diffusion was set to 5
m? s ! near the surface, decreasing to the ‘‘free atmo-
sphere’” value of 0.2 m?s~! at about 1.2 km. These
simulations started from day 300 of the standard ex-
periments described above and were integrated for 200
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FIG. 12. Same as Fig. 11 except for case 12 (SST maximum at 12°N).

days. The time-averaged precipitation from these sim-
ulations is shown in Fig. 15a. In the second test, the
constant-coefficient vertical diffusion scheme was re-
placed by a Richardson number—dependent scheme
(Williamson et al. 1987), with a minimum threshold
value of K, equal to 0.2 m* s ~'. These simulations also
started from day 300 of the standard experiments and
were integrated for 100 days. Note that, except for mid-
and high latitudes, the computed vertical diffusion in
this second test largely remained at 0.2 m*s~'. The
time-averaged precipitation from these simulations is
shown in Fig. 15b. Inspection of the plots in Fig. 15
shows that the essential character of the numerical re-
sults remains the same: in general, there are two peaks
in precipitation independent of the latitude of the SST
maximum, and these peaks generally occur between 4°
and 8°.

The above features are particularly important, since
they tend to suggest that 1) an ITCZ constrained to the
equatorial and very near-equatorial latitudes is not as
‘“stable’’ or intense as one that is able to form at some

distance away from the equator (=6°); 2) convection
can develop away from the maximum in SST, with a
particular preference for latitudes of about 4° to 12°;
and 3) consistent with some earlier studies (e.g., Lind-
zen and Hou 1988; Hack et al. 1989), off-equatorial
heating (or SST maxima) lead to stronger meridional
circulations and thus in these cases to enhanced precip-
itation maxima. These results are consistent with the
discussion of observations in sections 1 and 2, espe-
cially Fig. 3. The particularly interesting feature of the
above model result is the fact that the ‘‘cold’’ hemi-
sphere can support a modest peak in precipitation. Ex-
amination of observed profiles of SST and HRC dem-
onstrates that a similar feature occurs in some domains
of the tropical oceans. Figure 16 shows (a) January—
March and (b) July—September long-term mean SST
and HRC profiles for the region 130°-170°E. Also
shown (Fig. 16¢) are the time-averaged precipitation
and SST profiles for case 12, a simulation with a similar
SST profile. In both the observed and model cases, the
“‘convection’’ peaks at about 8° in the warm hemi-
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Fi6. 14. Time-averaged (day 200-300)
convective precipitation profiles.

sphere, near the SST maximum, and a smaller peak
exists in the cold hemisphere at about 4°. However, it
should be noted that the minor peak in the observations
occurs over an SST of about 28°C, while that in the
model occurs over an SST of only about 26°C, an SST
lower than that often associated with convective for-
mation (e.g., Graham and Barnett 1987).

Together with the theoretical results discussed in
section 3, the results from the primitive equation model
suggest that the midtropospheric convective heating it-
self is playing an important role in organizing these off-
equatorial precipitation maxima. This behavior has im-
portant implications for the interpretation of the sim-
plified theory presented in section 3. As mentioned
earlier, the results from this theory could apply to both
1) the Gill model interpretation, implying that midtro-
pospheric heating displaced away from the equator pro-
duces the greatest low-level convergence; and 2) the
Lindzen—Nigam model interpretation, where an SST
maximum displaced away from the equator induces the
greatest boundary-layer convergence. While the nature
of the observations shown in Figs. 3 and 16 suggests
that forcing by meridional SST gradients is not likely
responsible for both off-equatorial peaks in convection,
it is instructive to investigate this aspect in more detail.
In order to help determine the role that midlevel latent
heating may be playing in feeding back on the low-
level circulation to establish or enhance these zones of
stable convection, the case 0—16 simulations were ex-
tended an additional 200 days with the condensation
processes turned off. In these cases, denoted case 0d,
4d, 8d, 12d, and 16d, the forcing is solely due to surface
temperature gradients, interactions with the radiation,
and dry convective adjustment (Manabe and Strickler
1964). In each of the experiments, the specific humid-
ity (which mainly interacts with the Jongwave radiation
in these experiments ) was held fixed in a configuration
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symmetric about the equator with the maximum at the
equator.

Although there is no precipitation field in these
““dry’’ cases, it is informative to compare the low-level
vertical velocities of the two sets of experiments. In the
tropics, regions of upward vertical velocity in the
boundary layer are nearly synonymous with regions of
precipitation. Figure 17 shows the time-averaged ver-
tical velocity averaged over a sigma depth of 0.8~1.0
for (a) cases 0-16 (day 200-300) and (b) cases 0d—
16d (day 450-500). As expected, the vertical veloci-
ties of the moist simulations are almost identical to the
precipitation profiles (Fig. 14), each showing peaks on
both sides of the equator. The vertical velocities of the
dry simulations are different in one main and important
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FiG. 15. (a) Time-averaged (day 450-500) convective precipita-
tion profiles for sensitivity simulations in which the coefficient of
vertical diffusion was increased to 5 m? s~! near the surface. (b)
Time-averaged (day 350—400) convective precipitation profiles for
sensitivity simulations in which the vertical diffusion scheme was
Richardson number dependent. (See section 4c for details.)
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aspect: there are no upward vertical velocity peaks in
the Southern (cold) Hemisphere for any of the simula-
tions. Further, the upward velocity peaks in the dry sim-
ulations tend to favor the SST maximum more closely
than for the moist simulations. This contrast in moist
versus dry simulations tends to supports the suggestion
that a feedback exists between the midtropospheric la-
tent heating and the low-level convergence of heat and
moisture, with the effect of enhancing the zones of con-
vection in the latitude range of about 4°-12°,

5. Discussion and concluding remarks

The objective of this study has been to explain the
latitude preference of the ITCZ. Observations of the
zonally averaged global ITCZ suggest that the ‘‘equi-
librium’’ position is at about 6° to 8°N, with a minor
peak in convection at about 6° to 8°S. This off-equa-
torial latitude preference is often attributed to the spa-
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FiG. 16. Zonal averages of SST (thick) and HRC (thin)
from the western Pacific (130°-170°E) during the months (a)
Jan—Mar and (b) Jul-Sep. (¢) Time-averaged (day 200—
300) SST and convective precipitation for case 12.

tial distribution of SST, particularly the zones of low
SST found along the equator due to equatorial ocean
upwelling. The SST and HRC observations shown in
Fig. 3 were intended to demonstrate that the spatial
distribution of SST, particularly the presence of up-
welling, is probably not responsible for the observed
enhancements of convection that occur at latitudes of
about 4° to 10° (N and S), at least not at all longitudes.
From this standpoint, it is clear that dynamical mech-
anisms within the atmospheric component of the cou-
pled system must be playing a role in enhancing con-
vection at these off-equatorial latitudes, and thus pos-
sibly in determining the preferred latitudes of the
ITCZ(s).

Results from a simplified, linear theory were partic-
ularly important and instructive. These resulits showed
that for a system in which the mechanical damping is
not too high (e-folding time >1/4 day), a finite-width
ITCZ-like heat source displaced a finite distance away
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from the equator produces the greatest amount of low-
level convergence. This behavior results from the re-
quirement that the near-equatorial pressure gradient be-
comes predominantly balanced by friction as the heat
source is moved slightly away from the equator. Such
a balance induces the greatest poleward meridional
flow and greatest meridional convergence. As the heat
source is moved far from the equator, both poleward
and equatorward pressure gradients are balanced by
geostrophy, which produces very little low-level con-
vergence. This relationship between midlevel heating
and induced low-level convergence is important for
several reasons. First, tropical atmospheric (latent)
heat sources are, to a first approximation, forced and/
or supported by low-level convergence of moist en-
ergy. Thus, even though these experiments impose the
heat source, the results suggest that the heating, which
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represents moist deep convection, is most likely to be
supported via low-level convergence at these ‘‘pre-
ferred’’ off-equatorial latitudes. Second, for a plausible
range of model parameters, the meridional position of
the maximum convergence corresponds very nearly to
the latitudes of the observed equilibrium position of the
ITCZ. Finally, the results from this simple linear theory
suggest that, given a system in which the heat source
is not entirely specified but allowed to evolve on its
own, it may be possible that a positive feedback could
result between the heat source and the low-level con-
vergence field. Such a feedback would lead to ‘‘fa-
vored’’ latitudes for the heat sources (ITCZs) to de-
velop and be maintained.

Experiments using a moist, primitive equation model
were designed, at least in part, to address if such a
feedback would develop. Specifically, the relationship
between the model ITCZs and the latitude of the (im-
posed) SST maximum was examined. The results
showed that 1) steady, well-defined ITCZ-like struc-
tures formed only when the SST maximum was located
away from the equator; and 2) precipitation maxima
developed away from the SST maximum, with a par-
ticular preference for latitudes of about 4° to 12°, even
in the (‘‘cold’’) hemisphere without the SST maxi-
mum. These results indicate that the positive feedback
discussed above in the context of the linear theory ap-
pears to manifest itself, and that the scales of the model
ITCZ heating favor an interaction between the midlevel
release of latent heat and the low-level convergence of
heat and moisture. In the simulations described here,
this interaction is strong enough, for example, to 1)
produce a weak double ITCZ when the SST maximum
is on the equator, 2) produce a precipitation maximum
at about 8°N even when the SST maximum is at 16°N,
and 3) produce a small precipitation peak at about 4°
to 6° in the hemisphere opposite the SST maximum.
Each of these results resembles aspects of the observed
meridional profiles of deep convection and SST. The
conclusion that midlevel latent heating is playing an
important role in the organization of the low-level con-
vergence, and thus producing some of the observed fea-
tures of the ITCZ, was supported by analogous model
runs with internal latent heating turned off (i.e., dry
experiments). In contrast to the results of the simula-
tions with latent heating, double peaks in low-level up-
ward vertical velocity did not develop, and the upward
vertical motion tended to favor the SST maximum
more closely.

The contrast in results between these moist and dry
experiments is important when considering the Gill
versus Lindzen-Nigam interpretations of the simpli-
fied equations (3.1)—(3.3). The convergence forced
by an SST maximum, via the Lindzen and Nigam ap-
proach, has a dependence on the latitude and width of
the SST maximum analogous to that shown in Fig. 5.
However, under this interpretation of the equations, a
single SST maximum on, or away from, the equator



15 June 1994

would not support a double peak in convection, as is
indicated by the observations (Fig. 3 and 16) and the
results from the moist primitive equation model (Figs.
14-16). Such an interpretation is, however, consistent
with the results (and physics) of the dry simulations
(cases 0d—16d; Fig. 17). The dependence of the low-
level convergence on the position of the heat source
(Fig. 5) under the Gill interpretation, however, could
support one, or two, ITCZs located at the *‘preferred’’
off-equatorial latitudes (i.e., |y| ~ 1.0). Once mid-
level latent heat sources develop at these preferred lat-
itudes, the associated enhanced strength of the low-
level convergence of moist energy would be able to
maintain the position and strength of these heat sources.

The above set of results have important implications
for the opposing hypotheses of Holton et al. (1971)
and Holton (1974) on the one hand, and Charney
(1971, 1974) on the other. Holton and collaborators
[and in a similar manner, Lindzen (1974)] argued that
the spatial structure of the predominant wave modes in
the tropics may be setting the scale for the ITCZ, while
Charney argued that a preexisting ITCZ determines the
dominant wave modes. Observational analysis by
Salby et al. (1991) has shown that a significant amount
of the convection in the ITCZ regions, particularly at
about 8°N and 8°S, is associated with the westward
propagation of mixed Rossby-gravity waves (or
‘‘easterly waves’’). These observations offer some
support for Holton’s hypothesis, that zonally propagat-
ing equatorial waves may determine the position of the
ITCZ(s). However, the argument somewhat hinges on
the inconsistencies between the results of the axially
symmetric experiments presented here and those pre-
sented by Hess et al. (1992).

In the experiments by Hess et al., the Community
Climate General Circulation Model (CCM1; William-
son et al. 1987) was run in an ‘‘aqua-planet’’ mode
with specified SSTs to determine the nature of the ITCZ
formation and its effects on the large-scale tropical cir-
culation. Their results showed that for an SST profile
with a maximum on the equator (similar to the ob-
served zonal average), a single, intense peak in con-
vection occurred on the equator when a moist-convec-
tive adjustment scheme (Manabe et al. 1965) was used
for the parameterization of deep convection, and a dou-
ble peak formed straddling the equator (at about 7°N
and 7°S) when a Kuo-type (Kuo 1974) convection
scheme was used (cf. Hayashi and Sumi 1986; Sumi
1992). Further, when the Kuo simulation was per-
formed under the constraint of zonal symmetry, the
double peak collapsed to a single peak on the equator.
This feature was attributed to convection-organizing
equatorial waves, most readily identified as mixed
Rossby-gravity waves. The results from Hess et al.
lend support to Holton’s hypothesis that the spatial
structure of the preferred wave modes in the tropics
may be setting the scale for the formation of the ITCZ.
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The results presented in this study suggest that the
presence of zonally propagating disturbances (or an
off-equatorial SST maximum) are not required for the
formation of off-equatorial precipitation maxima, and
thus lend support to Charney’s (1974) assertion that
the off-equatorial latitude preference of the ITCZ may
be playing a role in determining the dominant equato-
rially trapped wave modes. These modes would be
those that have a maximum vertical velocity away from
the equator, such as the mixed Rossby—gravity wave.
However, it should be stressed that while both Char-
ney’s hypothesis and the explanation developed here
each contain an important feedback between midlevel
diabatic heating and low-level convergence, the two
theories differ. Charney’s theory implies that as the
SST maximum moves poleward, the ITCZ should fol-
low and become more stable and intense due to the
increase in the Coriolis force. Moreover, the ITCZ
should form poleward of the SST maximum where the
Coriolis force, and thus the Ekman convergence, is
stronger. However, the explanation and results in this
study suggest that due to the finite width of the ITCZ,
an actual ‘‘preferred’’ latitude range exists, indepen-
dent, for example, of the SST field. This is best illus-
trated by Fig. 14, which shows that, as the SST maxi-
mum moves poleward, the ITCZ remains at the pre-
ferred latitudes, and that a small peak in convection
forms at almost a symmetric latitude in the opposite
hemisphere.

While the experimental setups of this study and the
axially symmetric simulation by Hess et al. are nearly
identical, the results are somewhat in conflict. Their
axially symmetric case with an equatorial SST maxi-
mum yields a single, intense ITCZ peak, while the sim-
ilar experiment here exhibits two weak precipitation
maxima. The reasons for this discrepancy are not clear
since a number of relevant model features differ. The
gridpoint model used here has 2° resolution and 19
evenly spaced levels, while the spectral model used by
Hess et al. uses a 2.8° Gaussian grid with 12 unevenly
spaced levels. The lowest two levels in the present
model are at 0.947 and 0.895 sigma while in the CCM1
they are at 0.991 and 0.926. The surface flux and dif-
fusion parameterizations in the present model are de-
rived from, and are nearly the same as, those imple-
mented in the CCM1, with the main exception that con-
stant values for eddy diffusivities (except sensitivity
test shown in Fig. 15b) and exchange coefficients are
applied. These modest differences in model resolution
and boundary-layer formulation are possible candidates
that may explain the contrasting results. However, it is
more likely that the difference in convection schemes
may be playing the largest role, specifically their cri-
teria for the onset of convection.

As suggested by the results here, the latent heating
field plays an important role in enhancing, and possibly
organizing, low-level convergence. It is thus important
to point out that the different ways the convection
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schemes in the two models release convective available
potential energy (CAPE). The Kuo-type scheme re-
leases CAPE only when there is low-level convergence
of moisture at the scale of the model grid. This can
allow an artificial buildup of CAPE that would other-
wise be released by perturbative, small-scale motions
in the real atmosphere (Emanuel 1991). The convec-
tion scheme implemented in this model is based solely
on the one-dimensional moist thermodynamics of each
model column. This scheme has the virtue that no ar-
tificial dynamical constraints are imposed in determin-
ing the onset of convection. Therefore, once convection
occurs at-what are posed in this paper as ‘‘preferred’’
latitudes, the ensuing feedback due to enhanced low-
level convergence at these latitudes maintains the sup-
ply of moist energy. In the Kuo-type scheme, the low-
level flow in the preferred latitude regions away from
an SST maximum may not meet the criteria for con-
vergence and thus never convect, even though the col-
umn may be unstable with respect to moist convection.
Thus, the feedback discussed here could not be estab-
lished. These remarks are only to suggest a potential
reason for the differences in the outcomes of the two
experiments, and should be taken as an acknowledge-
ment of the sensitivity to convective parameterizations,
not as evidence for a ‘‘best’’ scheme.

To resolve these issues more decisively, and in par-
ticular to explore the sensitivity of these results to sev-
eral aspects of the parameterizations, it would be help-
ful to carry out numerical experiments with several
modern general circulation models. Ideally, such ex-
periments should be undertaken with models having the
capability of switching between competing parameter-
izations, so that a suite of numerical integrations can
be generated differing only in the choice of parameter-
ization, thus facilitating unambiguous intercompari-
sons. »

Finally, we note a possibly significant point of con-
sistency between our results and those of Hess et al. In
case 0, that is, SST maximum on the equator, the two
off-equatorial precipitation maxima are rather weak
(<4 mm day ~'; Fig. 14). Therefore, if the mechanism
posed above is responsible for this (weak) double
“ITCZ,” and if such a mechanism influences the se-
lection of the observed equatorial, zonally propagating
waves (i.e., Charney’s assertion), then the results of
Hess et al. could be taken to indicate that these (se-
lected) waves may have a further, and very important,
impact on the intensity of the ITCZ(s) when allowed
to form in three-dimensional, zonally symmetric, or zo-
nally asymmetric simulations. See Sumi (1992) for an
investigation of three-dimensional convective pattern
formation in zonally symmetric simulations.

The results from the moist experiments also have
relevance to studies of the Hadley circulation, such as
those by Schneider and Lindzen (1977), Held and Hou
(1980), and Lindzen and Hou (1989). In these studies
of the zonal mean meridional circulation, nearly the
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entire nature of the heat sources is specified. The sur-
face temperature is fixed, and the latent and radiative
heating/cooling are combined in the form of a New-
tonian relaxation to a radiative—convective equilibrium
temperature structure. These conditions allow for min-
imal feedbacks between the resulting flow and the heat
sources. The moist experiments in this study examined
the nature of one aspect of these feedbacks—how the
strength and character of the tropical convective heat
source itself (i.e., ITCZ) depend on the latitude of the
SST maximum, with the result that these feedbacks, in
addition to the surface temperature distribution, can
and may be important in determining the positions of
the diabatic heat sources in the tropics. Furthermore,
the results indicate that the analyses by Lindzen and
Hou (1989), Hack et al. (1989), and Hou and Lindzen
(1992), in which the Hadley circulation was analyzed
for heating centered away from the equator, may be
more applicable to the observed large-scale meridional
circulation.

Finally, a conjecture concerning the implications of
the above results in terms of the coupled ocean—at-
mosphere system is warranted. We have noted evi-
dence that appears to indicate the SST field is playing
a significant role in determining the location of the
ITCZ (Figs. 1-3). However, the theoretical and mod-
eling results presented here show that the off-equatorial
latitude preference of the ITCZ may well originate
from mechanisms associated with moist atmospheric
dynamics; for example, a double ITCZ is possible even
when the SST maximum is on the equator. If the con-
straint of an imposed SST is relaxed, the coupled sys-
tem itself may evolve to make the off-equatorial ITCZ
even more stable. Surface zonal winds from cases 0-
16 (not shown) show a strong easterly jet just south of
the equator, with mild easterlies on the equator (~0.5
m s~!). These easterlies in the near-equatorial region
may, depending on the depth of the upper-ocean iso-
thermal layer, result in equatorial surface cooling due
to upwelling (e.g., Pike 1971; Charney et al. 1988).
This modification to the equatorial circulation could
result in more pronounced SST maxima away from the
equator. In this coupled configuration, the ITCZ would
be considerably more stable due to the additional off-
equatorial, low-level convergence driven by the merid-
ional gradients in SST. This (speculative) scenario in-
dicates how the off-equatorial preference of the ITCZ,
which appears to originate from atmospheric dynamics,
could actually play a role in determining the surface
current structure of the tropical oceans, particularly in
regions conducive to shallow upper-ocean isothermal
layers, such as the eastern Pacific and Atlantic. In these
regions, moderate easterlies can produce marked SST
maxima away from the equator via equatorial upwell-
ing, and therefore make the ITCZ, which according to
our results should initially form at about 4° to 10° away
from the equator, even more stable at these off-equa-
torial latitudes.
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APPENDIX A
Model Formulation

The primitive equation model is formulated as fol-
lows:

u tanh)
+ v
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Coordinates:
N latitude
o sigma

Model variables:

zonal wind speed
meridional wind speed
surface pressure
geopotential

potential temperature
specific humidity
specific volume

Ry oW de

Forcing terms:

Or heating/cooling due to radiation

oL heating/cooling due to condensation processes

Os moisture source/sink due to condensation pro-
cesses

Tuwgg vertical flux of momentum, heat and moisture,

where

15)
T, = K(,—x for x=u,v,0,q
do

-
a1
and

7., =0ato =0

1 -
Ty = — ";CD|V|(14,U)
1 -
7o == Cp|V[(8; — 6)
o

1 .
7=~ Co|VI(4g; — q)
o
at 0 = 1.0; the subscript s denotes the surface and u,
v, §, and g are at the lowest model level.
Constants:

K, vertical diffusivity (=0.2 m?s™1)
Ky horizontal diffusivity (=5 X 10* m?s™!)
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Cp drag coefficients (=1.5 X 1073)
a radius of the Earth
R gas constant of dry air

P, reference pressure (=1000 mb)
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